Defects in early meiotic events are thought to play a critical role in male infertility; however, little is known regarding the relationship between early meiotic events and the chromosomal constitution of human sperm. Thus, we analyzed testicular tissue from 26 men (9 fertile and 17 infertile men), using immunofluorescent techniques to examine meiotic chromosomes, and fluorescent in situ hybridization to assess sperm aneuploidy. Based on a relatively small sample size, we observed that 42% (5/12) of men with impaired spermatogenesis displayed reduced genome-wide recombination when compared to the fertile men. Analysis of individual chromosomes showed chromosome-specific defects in recombination: chromosome 13 and 18 bivalents with only a single crossover and chromosome 21 bivalents lacking a crossover were more frequent among the infertile men. We identified two infertile men who displayed a novel meiotic defect in which the sex chromosomes failed to recombine: one man had an absence of sperm in the testes, while the other displayed increased sex chromosome aneuploidy in the sperm, resulting in a 45,X abortus after intracytoplasmic sperm injection. When all men were pooled, we observed an inverse correlation between the frequency of sex chromosome recombination and XY disomy in the sperm. Recombination between the sex chromosomes may be a useful indicator for identifying men at risk of producing chromosomally abnormal sperm. An understanding of the molecular mechanisms that contribute to sperm aneuploidy in infertile men could aid in risk assessment for couples undergoing assisted reproduction.
INTRODUCTION
Improper segregation of chromosomes during meiosis can result in the production of genetically unbalanced sperm or oocytes. If these gametes participate in fertilization, the resulting embryo will be aneuploid, with either too many chromosomes (trisomy) or too few (monosomy). Aneuploidy is the most common chromosomal abnormality in humans, occurring in 5% of all pregnancies and 0.3% of livebirths (1) . Although the majority of numerical chromosomal abnormalities are of maternal origin, paternal errors account for the majority of sex chromosome aneuploidies. Prenatal testing of intracytoplasmic sperm injection (ICSI) pregnancies has shown an increase in de novo sex chromosome abnormalities (2) , the majority of which are of paternal origin (3) . Studies on the chromosomal constitution of sperm from infertile men have shown that this population may be at an increased risk of producing aneuploid sperm (4 -6) . Thus, the increased aneuploidy in the sperm of infertile men is likely one of the major sources of chromosomal abnormalities in ICSI pregnancies, and the transmission of these aneuploidies may be facilitated via ICSI (7) .
During the first meiotic division, homologous chromosomes must undergo synapsis, in which the chromosomes pair-up and a protein structure known as the synaptonemal complex (SC) forms between the two homologs. It is along this protein structure that meiotic recombination occurs. Studies have identified aberrant meiotic recombination as an important molecular factor causing meiotic non-disjunction (8 -11) . Meiotic recombination not only serves to generate genetic diversity, but crossovers also tether homologous chromosomes, thus facilitating the proper segregation of chromosomes during meiosis. Abnormalities in the frequency and location of crossovers are associated with non-disjunction of homologous chromosomes and the production of aneuploid gametes (10, 12, 13) . Thus, the increased frequency of chromosomal abnormalities in the sperm of infertile men may be the result of defects in critical meiotic events during spermatogenesis.
# The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org Defects in synapsis or recombination may be caught by meiotic checkpoints, leading to a loss of germ cells and subsequent infertility (14 -16) . However, some cells may be able to progress through meiosis, resulting in an increased proportion of sperm with chromosomal abnormalities.
Using antibodies against SC protein 3 (SCP3) (axial elements) and SCP1 (transverse elements) to visualize the SC, antibodies against Mut-L homologue 1 (MLH1) for localization of crossovers, and CREST antiserum to observe the centromeres of chromosomes, detailed meiotic events can now be studied in human males (17, 18) . Recent immunofluorescent studies have shown that defects in synapsis and recombination are a significant cause of male infertility (19 -22) . Nevertheless, these studies have not addressed whether infertile men showing defective synapsis and recombination are at an increased risk of producing aneuploid sperm. Furthermore, there is little information on the chromosome-specific patterns of recombination in infertile men. Thus, we combined immunofluorescent techniques and fluorescent in situ hybridization (FISH) on spermatocytes to study recombination and synapsis in infertile men. Chromosomes 13, 18, 21 and the sex chromosomes were studied specifically, as aneuploidies of these chromosomes are a major cause of spontaneous abortions and abnormalities in liveborns. FISH on testicular sperm from these same men was performed to determine if certain meiotic phenotypes were particularly at risk of producing aneuploid sperm.
RESULTS

Classification of subgroups
Testicular tissue was collected and analyzed from 26 men seeking fertility treatment. These men were classified into four groups. Group I was the control group, consisting of nine fertile men who had undergone a vasectomy after fathering a child naturally. The remaining men presented at the fertility clinic with idiopathic forms of infertility, and were classified into groups based on their pathological diagnosis. Four standard pathological diagnoses for spermatogenesis were used: normal spermatogenesis, hypospermatogenesis (a reduced number of germ cells showing normal maturation), maturation arrest (germ cells present up to a certain stage) and Sertoli cell only (a lack of germ cells). The 17 infertile men were divided into three groups: group II [obstructive azoospermia (OA)], men diagnosed with normal spermatogenesis with no sperm in the semen (n ¼ 5); group III [non-obstructive azoospermia (NOA)], men with abnormal spermatogenesis without sperm in the semen (n ¼ 10), including six men diagnosed with either hypospermatogenesis or maturation arrest, and four men with Sertoli cell only syndrome; and group IV [oligoasthenoteratozoospermia (OAT)], men with a very low sperm count in the ejaculate, combined with abnormal sperm morphology and motility (n ¼ 2).
Progression through prophase I in infertile men
Prophase cells were classified as leptotene, zygotene, zygotene/pachytene or pachytene, according to criteria previously described (23) . The mean frequencies of cells in the control group at the leptotene, zygotene, zygotene/pachytene and pachytene stages were 9.9, 1.5, 8.1 and 80.4%, respectively (Table 1) . There was no significant difference in the proportion of cells at any of the stages of prophase between the control group and the OA group. However, the NOA and OAT groups showed a significantly increased proportion of cells at the leptotene stage, as well as a significantly decreased proportion of cells at the pachytene stage, when compared to the control group (P , 0.001, Mann-Whitney test; Table 1 ).
Analysis of genome-wide recombination
Immunostaining of spermatocytes with antibodies to mark sites of recombination (MLH1) and the SC (SCP1 and SCP3) allowed us to assess rates of recombination and synaptic errors in spermatocytes of fertile and infertile men (Fig. 1A) . A total of 605 pachytene nuclei were analyzed from the control group, and 1057 pachytene nuclei from the three infertile groups. The control group showed an average of 47.6 + 2.2 crossovers per cell, with individual mean rates of recombination ranging from 44.3 + 5.7 to 51.3 + 5.8 ( Table 2 ). The recombination levels that we observed in our control men are within those reported by others (18, 24, 25) . The average recombination rate was 46.4 + 2.5 (range: 42.1 + 4.7 to 48.2 + 3.5) in the OA group, 43.7 + 5.9 (range: 34.0 + 3.0 to 50.2 + 5.3) in the NOA group and 33.9 + 6.2 in the OAT group. When the means of the individuals were pooled and compared to the control group, only the OAT group was significantly different (P , 0.05, Mann-Whitney test). However, there was significant interindividual variation among men in the OA and NOA groups. One man in the OA group (OA14) showed significantly reduced recombination when compared to C9, the control man displaying the lowest average recombination rate (P , 0.01, Mann-Whitney test). Five men (NOA10, NOA13, NOA 16, OAT1, OAT8) in the NOA and OAT groups displayed reduced recombination when compared to C9 (P , 0.01, Mann-Whitney test). However, recombination was only significantly reduced in three of the men (NOA13, OAT1, OAT9) from the NOA and OAT groups when compared to the individual with the lowest mean in the OA group (OA14) (P , 0.01, Mann-Whitney test).
The proportion of pachytene cells with a crossover in the sex body ranged from 71.0 to 92.7% in the control group, and 73.0 to 93.2% in the OA group (Table 2) . However, recombination between the sex chromosomes was particularly disrupted in the NOA and OAT groups, with four of the men (NOA10, NOA13, OAT1, OAT8) displaying significantly reduced recombination when compared to the lowest control (P , 0.001, Fisher test). Two of these men (NOA10, OAT1) showed no recombination between the sex chromosomes in any of the pachytene nuclei observed. This absence of recombination between the X and Y chromosomes has not been observed in other meiotic studies on infertile men (19 -22) . Previous meiotic studies on azoospermic men have also observed impaired recombination on autosomal chromosomes, with an increase in pachytene nuclei in which at least one autosomal chromosome is lacking a crossover (19, 22) . We also observed a similar increase in pachytene cells containing at least one achiasmate autosomal chromosome in the NOA and OAT groups ( Table 2 ). Five of these men (NOA10, NOA13, NOA15, OAT1, OAT8) displayed a significant increase in pachytene nuclei with at least one autosomal chromosome lacking a crossover, when compared to all of the men in the control group (range: 0 -5.9%) and OA group (range: 1.0 -6.0%) (P , 0.001, Fisher test).
Synaptic anomalies
Two types of synaptic anomalies were observed during pachytene analyses in all groups of men: (i) discontinuities in the SC, in which both the lateral (SCP3) and transverse (SCP1) elements were absent in regions of the SC, and (ii) unsynapsed regions of the SC in which meiotic pairing of the homologous chromosomes was incomplete, and only the lateral elements (SCP3) were present (Fig. 1C) . Discontinuities in the SC were the more common of the synaptic anomalies, with a mean frequency of 26.6% (range: 5.9 -56.1%) in the control group, although high interindividual variation was observed ( Table 2 ). The frequency of SC discontinuities was also highly variable in the OA group (range: 16.4-57.0%), as well as the NOA group (range: 11.5-22.0%). Unsynapsed meiotic chromosomes were less frequent than discontinuities, with a mean frequency of 3.3% (range: 0-9.0%) in the control group (Table 2) . One man in the OA group (OA9) showed a significant increase in unsynapsed chromosomes when compared to all of the control men, with 26.0% of pachytene nuclei displaying this synaptic anomaly (P , 0.05, Fisher test). Unlike other studies (19, 22) , we did not identify any men in the NOA or OAT groups who displayed rates of unsynapsed regions that were significantly greater than all of the control men. However, we did identify one man (OAT8) in which synaptic anomalies could not be accurately assessed, as fragmentation of the SC was observed in almost all pachytene nuclei (Fig. 1D ).
Chromosome-specific recombination frequencies and sperm aneuploidy
After observing that genome-wide recombination rates were reduced in some of the infertile men, we were interested in analyzing chromosome-specific patterns of recombination. The combination of FISH and immunofluoresent techniques enabled us to characterize the frequency of recombination on chromosomes 13, 18 and 21 (Figs. 1A and B and Table 3 ). From the control group, we analyzed 338 pachytene nuclei from 6 men, and from the infertile groups we analyzed 591 pachytene nuclei from 9 men. We observed no significant differences in the chromosome-specific frequencies of recombination between the control group and the OA group. However, chromosome-specific recombination frequencies appeared to be altered in the NOA and OAT groups. In the control group, chromosome 13 displayed two MLH1 foci in 83.4% of the pachytene nuclei, which was significantly greater than both the 40.6% in the pooled NOA group and 46.0% in the OAT1 patient (P , 0.001, Fisher test). Similarly, chromosome 18 displayed two MLH1 foci in 69.8% of pachytene nuclei from the control group, which was significantly greater than the 32.7% of pachytene nuclei from the pooled NOA men and 38.1% from OAT1 (P , 0.001, Fisher test). Chromosome 21 was achiasmate in 4.0% of nuclei from the pooled NOA group and 10.6% from OAT1, which were both significantly greater than the 0.61% of pachytene nuclei from the control men (P , 0.001, Fisher test). Two infertile men (NOA13, OAT1) showed a significant increase in the frequency of achiasmate chromosome 13 when compared to the control group (P , 0.005, Fisher test); however, no increase in the frequency of achiasmate chromosome 18 was observed in any of the infertile men.
Recombination is thought to play a critical role in ensuring the proper disjunction of chromosomes during meiosis. Thus, we were interested in determining if the infertile men with altered recombination rates were at an increased risk of producing chromosomally abnormal sperm. To assess sperm aneuploidy, we performed triple-color FISH for chromosomes 18, X and Y, followed by dual-colour FISH for chromosomes 13 and 21 on sperm extracted from the testicular tissue samples. A total of 22 547 sperm were scored from the control men, and 18 634 sperm from the three infertile groups. No sperm could be found in the testes in two of the infertile men with meiotic cells (NOA10, NOA13), and thus aneuploidy could not be assessed in these men. The mean frequency of disomy in sperm from the control, OA, NOA groups, respectively, were 0.21, 0.31 and 0.23% for XX and YY; 0.25, 0.51 and 0.84% for XY; 0.21, 0.38 and 0.19% for chromosome 13; 0.10, 0.26 and 0.23% for chromosome 18; and 0.40, 0.36 and 0.38% for chromosome 21 (Table 4) . Thus, aneuploidy rates were only modestly increased for XY disomy in the NOA group when compared to the control group. Surprisingly, the OA group also showed a modest increase in XY disomy in the sperm, although the rate was significantly lower than the NOA group (P , 0.05, Fisher test). However, the two men with OAT displayed much higher disomy rates for the sex chromosomes and all autosomes studied (Table 4 ). OAT1 showed the most dramatically increased sperm aneuploidy of all the men studied, particularly for XY disomy which was present in 25.24% of the sperm. When all of the men (control and infertile) were combined, we observed an inverse correlation between the frequency of recombination between the sex chromosomes and XY disomy in the sperm, with sperm disomy rates dropping as recombination increased (P , 0.001, r ¼ 20.75, Pearson's test). We thought that two of the infertile men (OAT1, OAT8) with the most disrupted XY recombination may have been skewing the results; however, a relationship was still observed even when these two men were excluded (P ¼ 0.033, Pearson's test, Fig. 2 ). Next, we wanted to see if there was a relationship between chromosome-specific recombination on autosomal chromosomes and sperm disomy rates. When we combined all of the men in which chromosome-specific rates of recombination were studied (Table 3) , we observed a significant relationship between the frequency of achiasmate chromosome 21 and disomy 21 in the sperm (P , 0.001, r ¼ 0.89, Pearson's test). However, the OAT1 patient appeared to be an outlier in this group, and when he was eliminated no significant relationship was observed (P ¼ 0.29, r ¼ 0.32, Pearson's test). Similarly, no relationships were observed between rates of recombination and disomy rates in the sperm for chromosomes 13 and 18.
DISCUSSION
A series of recent immunofluorescent studies on infertile men have shown that meiotic defects are routinely observed among infertile men (19 -22) . In this study, we set out to further characterize the meiotic defects that have been observed in the infertile population, as well as to investigate chromosomespecific deficiencies in recombination. Furthermore, we were interested in determining if abnormalities in recombination were associated with the production of chromosomally abnormal sperm.
Two previous studies have identified infertile men showing complete arrest at the zygotene stage, in which no pachytene cells could be observed, due to severe synaptic defects (19, 21) . We did not observe this phenotype in any of our infertile men; however, when we classified meiotic cells into different stages of prophase, we observed an increase in the proportion of cells at the leptotene stage and a decrease in the proportion of cells at the pachytene stage among men with NOA or severe OAT. This impaired progression through meiosis has also been observed in another study on infertile men (22) . Defective formation or synapsis of the SC leads to male infertility in mice (16) , possibly through the apoptotic cell death of pachytene cells by stringent meiotic checkpoints (26) .
Defects in recombination and synapsis in infertile men
The development of immunofluorescent techniques for the analysis of pachytene cells has provided an efficient method for assessing meiotic recombination frequencies in males (17) . The initial studies performed on normal males have provided a baseline of recombination frequencies in males (18, 24, 25) , and more recent studies have identified several infertile men displaying reduced genome-wide levels of recombination (19, 22) . These studies have confirmed early cytological observations that defects in both meiotic recombination (27, 28) and synapsis (29) are associated with male infertility. In this study, we have identified six infertile men (OA14, NOA10, NOA13, NOA15, OAT1, OAT8) who displayed reduced levels of genome-wide recombination when compared to all of the control men, thus confirming the observations of Gonsalves et al. (19) that recombination deficiencies are a significant factor in male infertility. Interestingly, we identified two men (NOA10, OAT1) who showed a novel recombination deficiency: a complete absence of recombination between the sex chromosomes in all pachytene cells analyzed. While other studies have identified infertile men displaying reduced recombination between the sex chromosomes (19, 20, 22) , all of the men previously examined showed some degree of XY recombination. The lack of recombination between the sex chromosomes had differing effects on the outcome of spermatogenesis, with one man (NOA13) showing an absence of sperm in the testes, while the other man (OAT1) produced a low number of sperm with extremely elevated rates of sperm aneuploidy. Thus, XY-recombination may be necessary for the completion of spermatogenesis in some men (30) , however other men may display less stringent checkpoints and be capable of completing spermatogenesis. Relationship between the frequency of XY recombination and XY disomy in sperm from 18 fertile and infertile men. Rates of XY disomy were highly variable among men, and appear to be inversely correlated with the frequency of XY recombination in spermatocytes (P ¼ 0.033, r ¼ 20.49). Two men (OAT1, OAT8) were not included in the correlation due to their extremely low levels of XY recombination. While several gene knock-out mice have been found to display altered recombination patterns (31 -33) , none display the lack of XY-recombination that we observed. Synaptic errors, such as unpaired regions or gaps in the SC, did not appear to be a major contributing factor to infertility in our infertile population. None of the men with NOA or OAT displayed increased rates of synaptic errors when compared to all of the control men. These observations were in contrast to those of Sun et al. (22) . who observed an increase in synaptic errors in their NOA population. Surprisingly, the only man displaying a significant increase in unpaired regions of the SC was OA9, whose histological diagnosis reported normal spermatogenesis. Unpaired regions were found in 26.0% of pachytene nuclei from this man, and thus a sufficient proportion of spermatocytes may have been able to progress through meiosis for spermatogenesis to appear unaffected. Unpaired regions of meiotic chromosomes are transcriptionally silenced in the mouse through the recruitment of BRCA1 and gH2AX (34, 35) , and may also trigger meiotic checkpoints (36) , and have therefore been suspected to play a role in some cases of infertility. Fragmentation of the SC and low levels of meiotic recombination were observed in most pachytene nuclei from one man (OAT8), which may be indicative of spermatocytes undergoing apoptotic cell death. The SC fragmentation that we observed in this man was similar to that observed in fetal oocytes thought to be at risk of atresia (37) and spermatocytes from men with AZFc deletions on the Y chromosome (38) .
Recombination and sperm aneuploidy
Recently, several studies have combined immunofluorescent and FISH analysis of pachytene nuclei to characterize the recombination patterns on specific chromosomes of normal males (39 -41) . Nevertheless, there is no information on the chromosome-specific frequencies of recombination in the infertile population. Recombination in the NOA and OAT groups appeared to be reduced on all three of the autosomal chromosomes studied. Chromosome 13 and 18 bivalents with only one crossover were more prevalent in the NOA and OAT groups when compared to the control group, who displayed double crossovers on the majority of bivalents. Furthermore, a greater proportion of chromosome 21 bivalents lacked a crossover in the NOA and OAT groups. The achiasmate chromosome 21 bivalents may be caught by a checkpoint and induce meiotic arrest (26) ; however, they may also increase the risk of meiotic non-disjunction and trisomy 21 in the offspring (10) .
In both model organisms and humans, recombination is thought to be essential for the proper segregation of chromosomes during meiosis (42) . Thus, the reduced levels of both genome-wide and chromosome-specific recombination that have been observed in some infertile men may increase their risk of producing aneuploid sperm and chromosomally abnormal offspring. Furthermore, the variation in recombination parameters among both fertile and infertile men may explain the inter-individual variation in sperm aneuploidy rates (43) . By performing FISH on testicular sperm, we were able to assess disomy rates for chromosomes 13, 18, 21 and the sex chromosomes. The modest increase in XY disomy in testicular sperm from men with NOA compared to normal controls is consistent with other reports (44 -46) ; however, we were surprised to find that the OA population also displayed an increased rate of XY disomy in the sperm. It appears that men diagnosed with OA may nevertheless display meiotic abnormalities, such as an increased frequency of unsynapsed meiotic chromosomes (OA11) or a decreased frequency of recombination (OA14), which may increase the risk of aneuploid sperm. It should be noted that, unlike other studies (19) , our group of OA men had no obvious blockages in the seminal tract, such as a congenital absence of the vas deferens. Thus, although a histological analysis of spermatogenesis may appear normal, subtle meiotic defects may be present in both the spermatocytes and sperm of men who are considered OA.
While we found no correlation between rates of recombination and sperm disomy for chromosomes 13, 18 and 21, we found an inverse correlation between rates of sex chromosome recombination and XY disomy in the sperm. Thus, men with higher rates of recombination between the sex chromosomes face a smaller risk of producing XY disomic sperm. This supports previous observations that most paternally derived 47,XYY males were conceived by sperm in which the sex chromosomes did not undergo meiotic recombination (9) . This suggests that men with extremely defective XY recombination may be at a greater risk of fathering offspring with a sex chromosome abnormality. Indeed, an attempt at ICSI using sperm from an infertile man who displayed 0% recombination between the sex chromosomes (OAT1) resulted in a 45,X abortus of paternal origin (23) .
In this study, we have contributed to the growing evidence that meiotic defects are a significant cause of male-factor infertility. By examining both the early meiotic events in spermatocytes and the chromosomal constitution of the sperm in the same men, we found that recombination between the sex chromosomes was inversely correlated with XY disomy rates in the sperm. XY recombination rates are variable among men, and this may explain both the inter-individual variation in sperm aneuploidy rates, as well as the increased sperm aneuploidy rates that have been frequently reported among the infertile population. We also identified a novel meiotic defect in two unrelated men, in which no recombination was observed between the sex chromosomes. In one case, spermatogenic arrest and an absence of sperm in the testes was observed. However, the other case produced sperm with extremely elevated rates of sex chromosome aneuploidy, which resulted in a 45,X abortus after ICSI. This is the first evidence that defective recombination in infertile men may be associated with elevated levels of sperm aneuploidy, and chromosomally abnormal offspring. Further meiotic studies on infertile men will provide important insights into the genetic basis of idiopathic male infertility, and could also provide useful information for predicting rates of sperm aneuploidy, which could aid in risk assessment for couples undergoing assisted reproduction.
MATERIALS AND METHODS
Patients and issue collection
Testicular tissue was collected and analyzed from 17 infertile men seeking fertility treatment and 9 proven fertile men who were undergoing vasectomy reversals. All infertile men presented at the fertility clinic with idiopathic forms of infertility, and had normal 46,XY karyotypes, no microdeletions on the Y chromosome, and no CFTR mutations. The testicular tissue was used for a pathology diagnosis, sperm extraction for subsequent ICSI cycles, and a small portion was used for the meiotic analyses reported in this study. Cases NOA4, NOA5, OA6, OAT1, C1 and C3 were reported in previous publications (23, 47) . Ethical approval was obtained from the University of British Columbia Ethics Committee before initiating this study.
Meiotic analyses
Testicular tissue was processed as previously reported (47) . Slides were scanned with a Zeiss Axioplan epifluorescent microscope equipped with appropriate filters. Images of the SCP3/SCP1 fragments, MLH1 and CREST sites were captured using Cytovision V2.81 Image Analysis software (Applied Imaging International, San Jose, CA, USA). Pachytene cells were captured if MLH1 foci were clear and the sex chromosomes were identifiable. Cell co-ordinates were recorded and prints were analyzed for the numbers of MLH1 and abnormalities in the SC.
FISH on spermatocytes and testicular spermatozoa
After capturing images of the SC and MLH1 foci, FISH was performed on the same spermatocytes to identify chromosomes 13, 18 and 21 as previously described (23) . Slides of testicular cells containing sperm which were not previously immunostained, were used for FISH analysis of testicular sperm aneuploidy. FISH on spermatozoa was performed as previously reported (7) . A probe mixture of CEP 18 (aqua)/ CEP X (green)/CEP Y (red) was hybridized to sperm (Vysis Inc., Downers Grove, IL, USA). The same slide was then re-hybridized with a probe mixture of LSI 13 (green)/LSI 21 (red). Spermatozoa were only counted if they had intact tails and were not overlapping with other cells. We attempted to score at least 1000 sperm per patient for each probe set.
Statistical analysis
The Mann -Whitney test was used to compare means between groups, as well as the mean rates of recombination between individuals. The Fisher exact test was used to compare the proportion of cells in difference stages of prophase, the proportion of cells with synaptic anomalies and the frequency of recombination on specific chromosomes. The Pearson's correlation test was used to identify a relationship between recombination rates and sperm disomy rates.
